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First described by Hoffman in 1918, the H reflex, which represents a component of the stretch reflex, is one of the most commonly used tools to investigate electrophysiological changes occurring at the spinal level. The H reflex activates motor units monosynaptically recruited by the afferent pathway (Burke and Pierrot-Deseilligny 2005; Duclay and Martin 2005; Schieppati 1987) . To evoke an H response on an EMG signal, it is necessary to precisely determine the stimulation intensity. In fact, stimulation conditions must be constant, whatever the muscle activity (active/rest). For example, in 2005 Duclay and Martin reported that, at the stimulation intensity evoking maximal H wave (H max ) in an isometric condition, H max was depressed during maximal eccentric muscle contraction and unchanged during concentric contraction, ensuring the same stimulation conditions in the peripheral nerve by maintaining a constant M response. Conversely, an increase in H reflex amplitude during shortening contraction was reported by Nardone and Schieppati in 1988 . However, these authors chose another criterion to set stimulus intensity, namely, an H response at half its maximal value. Pinniger et al. (2001) also assessed H reflexes during shortening and lengthening actions, reporting different results according to stimulus intensity. In fact, they employed two intensities: 50% H max and 50% maximal M wave (M max ), corresponding to different parts of the recruitment curve (the ascending and descending parts of the H curve, respectively). Pinniger et al. found that the H reflex was modulated in a similar manner for intensities in the ascending and descending parts of the H-reflex recruitment curve. However, in the descending part, the modulation observed could not be attributed to shortening or lengthening actions only. At 50% M max intensity, the M wave lies in the steep ascending limb of the M recruitment curve and in the descending limb of the H response. Thus, as suggested by Pinniger et al., M is sensitive to small changes in stimulus intensity and H is subject to antidromic collision, which could alter interpretations of H modulations. Such collisions depend on the level of voluntary activation but also on the intensity of the electrical stimulation. This factor is then, for the most part, a methodological one. In active conditions, once maximal H response is elicited, increasing stimulation intensity elicits a V wave. This specific response is an electrophysiological variant of the H response, whose amplitude also depends on the level of voluntary activation (Pensini and Martin 2004; Upton et al. 1971) .
In this way, different criteria for setting stimulus intensity were used in all these studies, despite a common aim: to report modulations in H reflex, i.e., changes in spinal network efficiency. Doubt might therefore arise as to the reasons for H modulations, since such changes could be attributed to the method stimulation intensity, rather than to the physiological process linked to the conditions of solicitation.
The evolution of EMG responses while increasing stimulation intensity has rarely been investigated in the active condition. Subsequently, the present study assessed this evolution while subjects were asked to maintain a percentage of maximal isometric voluntary contraction (MVC) during stimulations. By plotting the amplitudes of H reflexes and M responses versus stimulation intensity, we were able to plot recruitment curves at rest and in the active condition.
The aim of this study was thus to determine which part of the recruitment curve of the reflex response should be recorded in order to best assess spinal excitability modulations. discomfort. All experimental procedures were performed in accordance with the Declaration of Helsinki and approved by the Dijon Regional Ethics Committee. The protocol was completed in a single session of ϳ2 h.
Subjects performed the tests in a sitting position with hip, knee, and ankle joints at 90°. The ankle was firmly strapped to an isokinetic dynamometer (Biodex, Shirley, NY), with the axis of rotation aligned with the anatomical axis of the joint. The trunk was stabilized by two crossover shoulder harnesses. EMG activity was recorded from three muscles of the right leg, the tibialis anterior (TA), the soleus (SOL), and the medialis gastrocnemius (MG), after the skin was shaved and dry cleaned with alcohol to conserve low impedance (Ͻ5 k⍀). The EMG signals were obtained by using two AgCl surface electrodes (2-cm diameter) placed at an interelectrode distance of 2 cm. For the SOL, electrodes were placed 2 cm below the insertions of the gastrocnemii over the Achilles tendon, with a 2-cm center-to-center distance. To record MG EMG, the electrodes were placed over the midbelly of the muscle. The EMG signals of the TA were also recorded by placing two electrodes at one-third of the distance on the line between the fibula and the tip of the medial malleolus. A common reference electrode was placed in a central position on the same leg. EMG signals were amplified with a bandwidth frequency ranging from 15 to 5 kHz (gain ϭ 1,000). EMG and mechanical signals were digitized online (sampling frequency: 5 kHz) and stored for analysis with Tida software (Heka Elektronik, Lambrecht/Pfalz, Germany).
The posterior tibial nerve was stimulated in the popliteal fossa with a single rectangular pulse (1 ms) delivered by a Digitimer stimulator (model DS7, Welwyn Garden City, UK) in order to elicit SOL and MG reflex responses. A self-adhesive cathode (8-mm diameter, AgAgCl) was placed in the popliteal fossa, and the anode (5 ϫ 10 cm, Medicompex, Ecublens, Switzerland) was placed over the patella. The stimulation site best suited to obtaining the optimal SOL H reflex was first located by means of a hand-held cathode ball electrode (0.5-cm diameter). Once the best site was determined, the stimulation electrode was firmly fixed to this site with straps. The intensity of stimulation was then increased from the H-reflex threshold to M max , in 1-mA increments, in order to build the recruitment curves of the SOL and MG. Particular care was taken in monitoring the posture of the subject during the test and avoiding head rotations to maintain constant cortico-vestibular influences on the excitability of the motor pool (Schieppati 1987) .
The subject's foot was firmly strapped to a pedal whose axis of rotation was aligned with the axis of the dynamometer. The force signal was integrated and analyzed with the software used for H reflex recording. Subjects were asked to perform two maximal voluntary isometric plantar flexions. If the variation in performance exceeded 5%, more trials were executed. The mean over two trials was calculated to determine MVC. Next, all subjects were tested in two randomly administered conditions: at rest (passive condition) and at 50% MVC of the plantar flexors (active condition). In the passive condition, four stimulations were applied to the nerve at each intensity, starting with the threshold of the H appearance. In the active condition, the force signal was monitored and subjects were asked to reach the plateau of 50% MVC before each electrical stimulation and to hold it for 2 s afterward. Stimulations were separated by 10-s intervals. In the active condition, only two stimulations were applied at each intensity in order to prevent any fatigue effect resulting from repeated contractions. Variability of force traces was checked in real time with Biodex monitoring. If variation of force exceeded 5% of the force required, the trial was carried out a second time.
The peak-to-peak amplitudes of the four (passive condition) or two (active condition) EMG responses were averaged for each intensity. The H responses were normalized by maximal M wave (M sur in the active condition and M max in the passive condition) evoked in the same condition. These ratios were plotted against the stimulation intensity (normalized by the intensity necessary to elicit M max ), in order to build passive and active recruitment curves. Then mean recruitment curves were built from the averages of the 10 subjects' recruitment curves. For each subject, H responses and M wave responses were measured every 10% of maximal intensity. Then, the average of all subjects' responses was calculated for each percentage (from 10% to 100%) of maximal intensity. We thus obtained averaged recruitment curves with 10 points (every 10% from 10% to 100% of maximal intensity) for the SOL and MG muscles (see Fig. 1 ). Maximal intensity is defined as the intensity necessary to obtain maximal M wave at rest. From this intensity, all responses have the same amplitude; M wave reaches its plateau, and H is completely canceled at rest.
The ratios of maximal H responses (H sur in the active condition and H max in the passive condition) over maximal M waves were also calculated for both muscles, along with the M waves accompanying these responses (M atHsur and M atHmax ).
In the passive condition, the H reflex is completely canceled out by the antidromic potential elicited at the maximal intensity of stimulation. In contrast, in the active condition, the H-reflex can still be recorded when intensity reaches M max . This specific H response, called the V wave, is an electrophysiological variant of the H wave that is sometimes used to quantify supraspinal command (Upton et al. 1971) . V wave was also analyzed, using the H responses elicited at maximal intensity in the active condition.
All data are means Ϯ SD. Repeated-measure ANOVAs were used to assess the effects of level of force versus stimulation intensity for each muscle, completed if necessary by an Tukey's honestly significant difference (HSD) test with the program STATISTICA (version 8.0, StatSoft, Tulsa, OK). Repeated-measure ANOVAs were also used to compare average responses (every 10% of maximal intensity) of the mean recruitment curves. The same test was used to compare the amplitudes of H and M responses, and the H-to-M ratios for both muscles and in all conditions. To quantify any fatigue effect caused by the experiment, a paired Student's t-test was applied on pretest vs. posttest differences in MVC recordings. The critical level of significance for statistical analysis was set at 5%.
RESULTS
MVC remained statistically constant before (125 Ϯ 22.33 Nm) and after (138.16 Ϯ 34 Nm) the experimentation, showing that our results were not affected by fatigue (t-test: P Ͼ 0.1).
ANOVAs revealed a significant difference between the active and passive conditions for H amplitudes in both muscles (SOL: P ϭ 0.025; MG: P ϭ 0.002). However, the H sur -to-M sur ratios (SOL: 0.58 Ϯ 0.12; MG: 0.4 Ϯ 0.24) did not differ statistically from the H max -to-M max ratios (SOL: 0.45 Ϯ 0.24 ; MG: 0.28 Ϯ 0.19). The M atHmax -to-M max and M atHsur -to-M sur ratios did not reveal any differences between the two conditions for either muscle (see Table 1 ). Whatever the condition, EMG responses and H-to-M ratios were always statistically weaker for the MG muscle (ANOVA, F ϭ 9.01, P ϭ 0.015), with the exception of the V-to-M sur ratio, which did not differ statistically between the two muscles (see Table 1 ).
The peak-to-peak amplitudes of H and M waves were measured in both conditions and plotted against stimulus intensity in order to build recruitment curves. No differences were observed in the evolution of the M wave in either of the two conditions, meaning that the impact of electrical stimulation on the peripheral nerve was not statistically different between the two cases.
The Tukey's analysis following the ANOVA test revealed that the intensities required to elicit maximal H responses did not differ between the active (SOL: 0.46 Ϯ 0.10, MG: 0.42 Ϯ 0.10; intensities normalized by maximal intensity) and passive (SOL: 0.50 Ϯ 0.12, MG: 0.48 Ϯ 0.11) conditions. However, when analyzing intensities inferior or superior to the maximal H wave, some differences between the active and passive conditions were revealed. Considering the descending part of the H reflex recruitment curve, the stimulus intensity needed to elicit a submaximal H wave equal to 60% of H max is statistically greater (P Ͻ 0.01) in the active condition (SOL: 0.72 Ϯ 0.12, MG: 0.68 Ϯ 0.12) than in the passive condition (SOL: 0.59 Ϯ 0.16, MG: 0.50 Ϯ 0.10). The same behavior was observed for a higher H wave amplitude, i.e., 80% of the maximal H wave (SOL: 0.54 Ϯ 0.15 passive, 0.64 Ϯ 0.12 active; MG: 0.42 Ϯ 0.17 passive, 0.61 Ϯ 0.09). In contrast, no differences were observed in the ascending part of the curve. Indeed, in the ascending part the same intensity elicited a submaximal H wave of equal amplitude (60% or 80% of maximal H wave) in the active and passive conditions.
No differences were found in either muscle in terms of the intensities of maximal M wave in the active and passive conditions. Whatever the intensity, no differences were observed between active M waves and passive M waves.
The values of the ratios H/M max , M/M max , H/M sur , and M/M sur were measured for each 10% of maximal intensity (from 10% to 100%) in each subject. A mean value was calculated for each percentage in order to build mean SOL and MG recruitment curves (see Fig. 1, A and B ). An ANOVA was applied to each percentage for both active and passive H/M and M ratios associated with each percentage (also normalized by maximal M wave). A significant effect of contraction was found for the H-to-M ratio (F ϭ 12.64, P ϭ 0.012 for SOL), whereas none was found for M waves (F ϭ 0.254, P ϭ 0.63 for SOL; F ϭ 20.8, P ϭ 0.137 for MG muscle). Significant differences are shown in Fig. 1 . 2 depicts typical behavior for one subject. Evolution of M waves did not show any differences between active and passive recruitment curves. On the other hand, differences were observed between active and passive conditions in H amplitudes, at higher intensities than H max . At rest, H was similar on both sides of the recruitment curve, whereas H showed a higher amplitude in the descending part of the active recruitment curve (Fig. 2) .
As M response represents direct activation of motor units of the muscle through the nerve and H response represents those that are spinally activated, the summation of the two responses was calculated for each percentage of intensity. Thus we observed that, in the active condition, for the last intensities corresponding to 70%, 80%, 90%, and 100% of maximal intensity, the summation was greater than maximal M wave (see Fig. 3 ).
For each SOL and MG data set, H responses in the passive condition were subtracted from those measured in the active condition at every intensity percentage (from 10% to 100% of maximal intensity). If this delta was positive, we concluded that H in the active condition was greater than in the passive condition. We note that these responses are similar up to a certain intensity, which is precisely the intensity required to elicit the maximal H response in both conditions (see Fig. 4 ). After that point, H in the active condition begins to be significantly greater than H in the passive condition (Tukey analysis after the ANOVA test).
The same method was employed to quantify the difference between M in the active condition and in the passive condition. We observed the same behavior in H responses up to the H max intensity; after that, the evolution of the M delta is opposite that of the H delta (mean correlation ratio between H and M deltas: Ϫ0.702), meaning that from this point on, M responses in the passive condition are greater than those in the active condition, except for the last two percentages, i.e., 90% and 100% of maximal intensity.
For intensities higher than H max , there is a linear relationship (r 2 ϭ 0.8431) between deltas: The smaller the differences between H responses (active vs. passive), the smaller the differences between M responses. For intensities weaker than H max , discrepancies are close to 0 and therefore not significant.
The study of these discrepancies among the recruitment curves provided new clues about the differences between the ascending and descending parts of the curves. Indeed, although statistical analysis did not show any differences about M waves in the two conditions, M deltas are greater for stimulation intensities higher than H max . As M wave is used to assess the Fig. 2 . Typical traces of SOL recording for 1 subject. Top: recruitment curves for 1 subject for H (squares) and M responses (triangles) in the passive (open symbols) and active (filled symbols) conditions. S1 is an intensity of stimulation to elicit an H wave in the ascending part of the recruitment curve and S2 in the descending part. Bottom: typical recordings of electrical responses in passive (Rest) and active conditions are shown for S1 and S2 stimulation. electrical stimulation impact on the peripheral nerve, the fact that we do not observe the same behavior for H discrepancies beyond H max cannot be explained by an increase in the intensity of stimulation. Thus relevant differences between passive and active responses beyond H max do not stem from the same origins for H and M waves but are both linked to methodological aspects, since a negative correlation exists.
DISCUSSION
If we examine the descending limb of the H-reflex recruitment curve, we note that the intensity necessary to elicit a given H-wave amplitude is greater when the tested muscle is active. H/M did not exhibit the same behavior in active and passive conditions in this descending limb of the curve. This behavior is observed in the SOL as well as the MG and is the main finding of the present study. Moreover, no differences were found in the ascending limb of the recruitment curve.
Active vs. passive. First, no statistical difference was found in the evolution of the M wave, meaning that differences between H reflexes in active and passive conditions cannot be attributed to stimulation conditions. Confirming previous results (Duclay et al. 2005; Pensini and Martin 2004) , our study found no statistical differences between H max /M max and H sur / M sur . Before the intensity required to elicit maximal H reflex, no difference was found between H/M in the active and passive conditions. Conversely, H/M is statistically greater in the active condition after H max intensity.
In their 1971 study, Upton et al. reported that during contraction at maximal stimulation intensity the collision between volitional command and electrical antidromic potential allowed the reflex ␣-motoneuron command to reach the muscle, whereas at rest no H response could be recorded at maximal intensities of stimulation. In our study, we noted that this behavior is also observable at lower intensities, namely, at intensities ranging from the intensity of H max to the maximal intensity, i.e., M max intensity.
A V wave observed at high intensity is interpreted as an electrophysiological variant of the H reflex (Upton et al. 1971) . In accordance with results in the literature (Duclay et al. 2005; Pensini and Martin 2004) , the H sur /M sur observed here were consistently superior to V/M sur. An incomplete collision between efferent and antidromic volleys may explain the fact that V response is inferior to H response. Thus the collision between antidromic action potentials and the descendant neural drive seems to affect the amplitude of the H response once the maximal H reflex is obtained.
When comparing the summation of responses (Fig. 2) , we also observed certain differences between active and passive conditions at the greatest intensities before maximal intensity only. In fact, in the active condition, the summation of H and M responses exceeded maximal M wave (H response at maximal intensity being V wave). As maximal M wave represents the activation of all motor units of the muscle, this finding leads us to believe that in the maximal active condition some motor units are activated twice with the same stimulation, for M wave and H (or V) wave. Thus V wave could result from an activation of motor units already activated for maximal M wave. As we cannot know which motor units are activated at strong intensities, weaker intensities should be used to assess H reflex, lower than H max . Indeed, in this part of the recruitment curve, there is not yet a significant antidromic collision.
We have therefore reported certain differences in recruitment curves when comparing rest and active conditions. Romano and Schieppati reported in 1987 that in various passive conditions changes in H-reflex amplitude observed in the ascending part of the curve could not be induced by movement artifacts caused by methodological considerations. Certain authors, however, use as a point of reference for stimulus intensity an M wave at a certain percentage of the maximum that could, according to the subject, represent an H reflex in a different part of the recruitment curve. This is a methodological issue that could distort interpretations of H-wave amplitude modulation.
Regarding muscle typologies, the same behavior was reported in the SOL and the MG (see Fig. 1 ). However, some differences were also observed, including the amplitudes of the responses. As H reflex essentially recruits slow motor units (Buchthal and Schmalbruch 1970; Nardone and Schieppati 1988) and SOL is an essentially slow fiber muscle, H responses were always found to be greater in the SOL.
In addition, maximal H and M responses were not elicited at the same intensity in the SOL and the MG. We already know that latencies of responses are different, being shorter in the MG because of its proximity to the stimulation site. But it remains possible that the typology of the muscles could affect the intensity necessary to elicit H or M waves, because of differences in fiber diameter, which affect sensitivity. As the SOL is essentially composed of I fibers (small-diameter motor units) while the MG has a more mixed typology (small and large motor units), different intensities should be used to assess spinal excitability by H reflex.
Methodological concerns. It has been previously reported that H reflex is a neurological response with a particular variability (Nozaki et al. 1995) . Chen et al. reported in 2010 that H reflex was more reliable at rest and at low contraction levels. During submaximal contractions, the pattern of motor unit recruitment and firing frequency could vary within the same pool of motoneurons (Nordstrom and Miles 1991) . In fact, numerous factors could affect spinal excitability during contraction (Stein and Thompson 2006) . Koceja et al. (1995) reported that the H reflex in the SOL was depressed between lying and standing positions. These authors did not attribute such spinal modulations to contraction of the SOL during standing, but rather to changes in cortico-vestibular input.
It appears important, however, to ensure that experimental measures in a specific motor task are in accordance with those of other tasks. Many authors use a certain percentage of M max to ensure that stimulation conditions in the peripheral nerve are constant among the different tasks (Fumoto et al. 2002; Schneider et al. 2000) . However, given a stimulation intensity eliciting the same percentage of M max , some subjects may be in the recruitment phase of the H reflex (the ascending part of the curve), whereas others may be at H max or in the "derecruitment" phase (descending part). Yet, as discussed above, we found that the H reflex varies with muscle activity if elicited by electrical stimulation at intensities higher than H max , i.e., in the descending part, whereas the H reflex seemed to be unchanged in the ascending part.
In addition, we observed that, up to the intensity necessary to obtain maximal H response, the deltas of H and M responses in the two conditions are similar (see Fig. 2 ), whereas after that critical point a correlation exists between those differences. After maximal H response, H in the active condition is indeed greater than in the passive condition, while we observed the opposite behavior in M responses (until 90% of maximal intensity). These results indicate that the intensity needed to elicit maximal H wave seems to be a threshold before which responses are similar in both passive and active conditions. If intensity increases beyond this threshold, we note that the decrease in the H response is greater in the passive condition, continuing until its total cancellation.
As shown in Fig. 4 , for the final intensities, i.e., 90% and 100% of maximal intensity, discrepancies between active and passive M responses were positive, meaning that active M response was greater than passive M response. However, discrepancies in H responses were always positive at these intensities of stimulation. This finding is attributable to the fact that H wave is completely canceled in passive conditions, whereas in active conditions we can observe a V wave. These findings can be linked to the results shown in Fig. 3 , in which the summations of H and M responses at 90% and 100% of maximal intensity exceed the amplitude of maximal M wave. In fact, at such intensities in active conditions, we do not know precisely how motor units are firing. Indeed, the collision between voluntary and electrical activations is even more complex, since motor units may fire in both direct response (M wave) and reflex response (V wave), according to the amount of voluntary activation and the intensity of stimulation.
Conclusion. In the descending part of the recruitment curve, the differences observed between H responses in active versus passive conditions are likely due to experimental considerations and explained by antidromic collisions at high stimulus intensities. It is also possible that at maximal H wave, no facilitation can be observed, since the spinal system may be in a condition of saturation.
As a result, the reliability of the H reflex seems to be higher when considering values prior to H max . Modulation of the H reflex in exercise studies should therefore be assessed in the ascending part of the recruitment curve, in which no differences were found between active and passive conditions. Thus stimulus intensity should be set based on maximal H wave and not maximal M wave, in order to ensure that elicited responses lie in the ascending part of the recruitment curve. It should also be recorded with a submaximal M wave. A stable M wave preceding the H wave ensures that the stimulus conditions in the peripheral nerve remain constant over tasks.
If these guidelines are respected, changes in spinal excitability over several tasks, such as inhibition or facilitation of the H response, will not be attributable to stimulus conditions (active vs. passive), but rather to other input, including central or peripheral pathways.
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